Three-dimensional molecular dynamics simulations of ion beam assisted deposition ͑IBAD͒ are performed to determine the mechanisms of crystallographic texture selection during the IBAD of polycrystalline films. A face centered cubic bicrystal consisting of ͓111͔ and ͓110͔ oriented grains is grown while an ion beam bombards the growing film at normal incidence. As the film grows, the grain boundaries delimiting the ͓111͔ and ͓110͔ grains move towards each other, eventually pinching off the ͓111͔ grain such that the film texture changes from equal densities of ͓111͔ and ͓110͔ to purely ͓110͔. Examination of single crystals grown in the presence of ion beams shows two important effects: ion beam induced atomic sputtering from the surface and ion beam induced damage are significantly reduced when the ion beam is oriented along channeling directions of the crystals. The first observation suggests that grains with channeling directions aligned parallel to the ion beam grow more quickly than those where they are not aligned. This leads to grain-to-grain variations in the film thickness that increase in magnitude during growth. Variations in thickness result in a shadowing effect that further slows the growth of the less thick ͑nonaligned͒ grainseventually leading to pinch-off of these grains. The second observation suggests that the stored energies within the grains with channeling directions aligned parallel to the ion beam will be lower than that of the nonaligned grains. This difference in stored energy ͑in the form of crystal defects͒ is shown to lead to grain boundary migration-a process equivalent to primary recrystallization. Both of these effects can lead to changes in crystallographic texture during film growth and both are observed in the bicrystal simulations. Which mechanism will dominate under a prescribed set of conditions remains to be delineated.
INTRODUCTION
Polycrystalline thin films, grown by almost any method, exhibit at least some degree of crystallographic texture. Most commonly, the observed texture corresponds to a fiber texture, in which the surface normals of the grains are ͑nearly͒ parallel to a specific crystallographic direction ͑i.e., out-ofplane texture͒ and the in-plane orientations of the grains are nearly random. The crystallographic orientation of the outof-plane texture of a given material can vary with film growth method. Ion beams have been employed to control the out-of-plane texture. [1] [2] [3] [4] [5] [6] [7] [8] In the present article, we examine the effects of ion beam energy, orientation, and flux on the development of out-of-plane texture and use these results to interpret the underlying mechanisms for texture development during the ion beam assisted deposition ͑IBAD͒ of polycrystalline films.
Fiber textures are commonly observed in polycrystalline thin films grown by physical vapor deposition ͑PVD͒ techniques. [9] [10] [11] [12] [13] For example, face centered cubic ͑fcc͒ metal films often exhibit a ͗111͘ preferred orientation, while metallic body centered cubic ͑bcc͒ films commonly develop a ͗110͘ preferred orientation. The existence of these fiber textures is usually explained in terms of surface energy arguments. ͕111͖ surfaces in fcc materials and ͕110͖ surfaces in bcc materials correspond to the most densely packed planes in each lattice and, hence, to the lowest energy surfaces. Therefore, it is thermodynamically favorable to orient all of the grains in the film such that their surface normal is perpendicular to these highest density planes. 13 This idea was supported by recent simulations 14 which showed a net surface diffusion flux of atoms toward grains with low energy surfaces at the expense of their neighbors, leading to the preferential growth of these grains. The variation of the binding energy of surface atoms with surface orientation can also lead to differences in sputtering rates when relatively high energy species are present in the growth chamber. 15 This too can result in variations of growth rate with surface orientation. This effect, coupled with shadowing, 16 can also affect the film texture. 17 Ion beams can be used to modify the texture that normally develops during physical vapor deposition. [1] [2] [3] [4] [5] [6] [7] [8] Yu et al. 3, 4 used low angle ion bombardment during growth to modify film texture. They argued that the texture was controlled by the difference in sputtering yield between grains of different orientations ͑with respect to the ion beam͒. This difference leads to higher growth rates for grains that sputter less than the average. Bradley et al. 18, 19 developed a model for texture development based upon this variation of sputtering yield with grain orientation. In their model, the variation of sputtering yield with grain orientation is associated with the existence of channeling directions, i.e., crystallographic directions along which ions can penetrate relatively deeply into the crystal. For example, an ion beam oriented normal to an fcc film will cause a shift in orientation from a ͗111͘ ͑i.e., that favored by surface energy considerations͒ to a ͗110͘ texture, since the easiest channeling direction is ͗110͘ for simple fcc crystals. Experiments on many materials, including diamond 20 and copper 21 single crystals, have shown that the sputtering yield is indeed a strong function of the angle of incidence of the ion beam for ion beam energies as low as several hundred eV through more than 20 keV. 22 The sputtering yield commonly decreases by between two and five times when the ion beam direction is parallel to a channeling direction of a crystal.
Van Wyk and Smith 1 studied the development of preferred orientation in Cu films which were vacuum deposited and then bombarded with 40 keV Cu ϩ ions. Upon ion bombardment, these films changed from a strong ͗111͘ texture to a ͗220͘ texture. They suggested that the ͗110͘ oriented grains were damaged less by the ions than grains with other orientations because ͗110͘ is the easiest channeling direction in Cu. During the thermal spike associated with the ion bombardment, the relatively perfect ͗110͘ grains grow into their more damaged surroundings by a recrystallization process, thereby reorienting the more damaged material to ͗110͘. Dobrev 2 drew the same conclusions based on his observations of texture changes during 10 keV Ar ϩ bombardment of vapor deposited fcc and hcp metal films. While Yu et al. 3, 4 and Bradley et al. 18, 19 focused on the effects of low energy ion bombardment during growth, Van Wyk and Smith 1 and Dobrev 2 experiments investigated the effects of postgrowth, high energy ion bombardment. Taken in toto, these studies suggest that the crystal orientation dependence of ion beam effects is associated with channeling, although the mechanism͑s͒ by which the ion beam modifies texture remains uncertain.
Several atomic-scale computer simulations of ion beam assisted deposition have been performed ͑see, e.g., Refs. 23-32͒. Both molecular dynamics ͑MD͒ [24] [25] [26] [27] [28] and binary collision approximation ͑BCA͒ [29] [30] [31] [32] simulations have been performed to investigate the effects of ion bombardment on film densification, radiation damage, sputtering, ion mixing, and implantation. In the present study, we extend these earlier atomistic simulation studies to examine the effects of ion beams on texture evolution. We perform a series of threedimensional molecular dynamics simulations on both bicrystals and single crystals designed to clarify the mechanisms for ion beam texture control and to identify the ion beam parameters for which these mechanisms operate.
METHOD
A three dimensional ͑MD͒ simulation program for ion beam assisted deposition has been developed based on an MD simulation program described in earlier publications. 17, 33 Only a brief description is presented here. The MD simulations were performed by integrating Newton's classical equation of motion for each atom forward in time using a fifth order Nordsiek, predictor-corrector method. Since, in this study, we focused on the generic features of ion beam assisted film growth, rather than the detailed nature of any particularly material, we employed simplistic, but well understood descriptions of the atomic interactions. The potential energy describing the interaction between atoms was the classical Lennard-Jones pair potential,
͑1͒
where U(r i j ) is the interaction energy between atoms i and j separated by distance r i j , ⑀ scales the strength of the interaction, and r 0 is the characteristic length of the potential. This potential was smoothly cut off at rϭ2.1 r 0 . The present simulations were performed using parameters appropriate for Al atoms and Ne ϩ ions. The interactions between the atoms and ions and between the ions were described using the purely repulsive Molière The basic parameters describing the atomic interactions in this simulation are the atomic mass M, the atomic potential well depth ⑀, and the characteristic length r 0 . The velocity of the deposited atoms ͑ions͒ is V atoms ϭͱ2E a /M a (V ions ϭͱ2E i /M i ) and the basic unit of time is ϭͱM a r 0 2 /⑀, where E a (E i ) is the energy of the beam of atoms ͑ions͒. E a was fixed at E a ϭ1⑀/atom throughout this study. The time step was variable and was determined such that the maximum particle displacement at each time step was ⌬r max ϭr 0 /200ϭV max ⌬t, where V max is the velocity of the fastest particle at each time step. In order to give a physical feel for these parameters in terms of a real material, we have estimated these values for Al as follows: r 0 ϭ0.286 nm, ⑀ϭ0.565 eV, M a ϭ4.48ϫ10 Ϫ26 kg, and ϭ2.0ϫ10 Ϫ13 s. All of the results reported below are in terms of the fundamental parameters r 0 , ⑀, and M a .
The computational cell was three dimensional with the z direction perpendicular to the ͑flat͒ initial crystal surface. Periodic boundary conditions were employed along x and y directions and open ͑or free͒ boundary conditions were employed in the ϩz direction. The incident ion beam was directed onto the growing crystal at predetermined angles ͑see Fig. 1͒ and the atomic deposition flux was oriented in the x-z plane at 45°to the z axis. The atoms in the initial crystal ͑Al͒ were arranged on an fcc lattice. The initial crystal consists of a fixed number of atomic layers. The atoms in the bottom few layers of the initial crystal were frozen in space to prevent the crystal from translating through space due to the momentum absorbed from the deposition flux. Atoms in the next several layers were ''thermostated'' in order to maintain the system at the desired temperature. 17, 33 As the film grows, the thickness of the thermostated region was increased to prevent excessive heating of the film due to the kinetic en-ergy and bonding energy associated with incorporation of vapor atom into the solid. The surface region was not thermostated in order to insure that the dynamical features of the film growth process were not biased by the artificial dynamics inherent in all thermostating procedures. While this may lead to a temperature gradient, the large mass of the thermostated region and the small thickness of the unthermostated region ͑15 r 0 ͒ ensures that such temperature gradients are small.
The deposition flux and the ion beam were turned on and off alternatively in order to fix the ion-to-atom arrival ratio R ͑i.e., the ratio of the number of deposited ions to the number of deposited atoms͒. Since the ions possessed relatively large kinetic energies, they frequently reflected off the surface or ejected other surface atoms back up into the vapor. All such atoms and ions were removed from the vapor.
Since the MD time scale is, by necessity, very short, we employed large deposition rates in the simulations. We prevented gas phase reactions from occurring by ͑1͒ collimating the deposition beam, ͑2͒ switching on the ion beam only when all deposition atoms have reached the film surface, and ͑3͒ by removing atoms that were either ejected or reflected from the surface. While high deposition rates do not allow sufficient time for realistic atomic diffusion at typical deposition temperatures, this was overcome, in part, by performing the simulations at somewhat elevated temperatures: note, there is an exponential increase in the surface diffusion length with increasing temperature and only an inverse square root variation with deposition rate.
BICRYSTAL SIMULATIONS
The goal of the present study is to use atomistic simulations to understand the mechanisms by which the ion beam influences the film texture during ion beam assisted deposition. We begin by demonstrating that the presence of an ion beam does indeed modify the film orientation during deposition. To this end, we simulated the growth of a bicrystal film. The bicrystal was 24.8 d 0 along the x direction, 15.59 d 0 in the y direction, and 6.5 d 0 in the z direction and the grain boundaries lie along the y-z plane at xϭ0 and x ϭ12.4 d 0 , where d 0 is the equilibrium lattice parameter at the thermostated temperature (0.4⑀/k B , where k B is Boltzmann's constant and the zero pressure melting temperature is ϳ0.7⑀/k B ͒. One crystal is oriented with the ͓111͔ direction parallel to the z axis and the ͓110͔ and ͓112͔ directions along the x and y axes, respectively. The other crystal is oriented with the ͓110͔ direction parallel to the z axis and the ͓110͔ and ͓001͔ directions along the x and y axes, respectively. The films were grown with E i ϭ800⑀/ion, Rϭ1/2 and an average atom deposition rate of 1.25 atom/. The ion beam was oriented perpendicular to the nominal surface ͑i.e., the Ϫz direction͒. This direction is parallel to the ͓110͔ channeling direction in the ͓110͔ oriented grain ͑i.e., the easiest channeling direction for the fcc crystal͒ and the nonchanneling ͓111͔ direction in the ͓111͔ oriented grain. 35 The temporal evolution of the atomic structure of the bicrystal is shown in Fig. 2 . Figure 2͑a͒ shows the bicrystal before deposition: the ͓110͔ and ͓111͔ grains are on the left and right sides, respectively, and are separated by relaxed grain boundaries ͑one on the far left, due to the periodic boundary conditions͒. Following deposition and ion bombardment, some ions ͑the small, light gray particles are the ions͒ are embedded within the crystals and significant damage to the crystals is evident ͓see Figs. 2͑b͒-2͑d͔͒. Clearly the ͓111͔ grain suffers much more ion-induced damage than the ͓110͔ grain ͓Fig. 2͑b͔͒. While the atoms in the top layers of the ͓111͔ grain are significantly displaced from their equilibrium lattice positions, most of the atoms near the ͓110͔ grain surface remain on their lattice sites. Examination of Fig. 2͑c͒ shows that the crystal structure of the ͓111͔ grain has recovered somewhat from the damage seen in Fig. 2͑b͒ and that both grain boundaries have tilted toward the center of the ͓111͔ grain. As a result, the ͓111͔ grain is much smaller at the top than it was originally, thereby demonstrating that the ͓110͔ grain grows at the expense of the ͓111͔ grain. It is also evident in Fig. 2͑c͒ that the ͓111͔ grain is not as thick ͑high͒ as the ͓110͔ grain. Figure 2͑d͒ shows that at late times, the two grain boundaries are touching ͑or nearly touching͒ such that that the ͓111͔ grain is effectively occluded by the ͓110͔ grain. This series of images clearly demonstrates that ͗110͘ oriented grains in fcc solids will grow at the expense of other grains that are not oriented in favorable channeling directions during IBAD with the ion beam directed normal to the nominal surface. This will lead to the formation of a ͗110͘ fiber texture.
Based upon the atomic structures shown in Fig. 2 , it is obvious that channeling plays a key role in determining the texture of films grown by IBAD, at least in the energy range of the present simulations. As mentioned briefly above, the role which channeling plays in texturing may be associated with ͑i͒ sputtering induced differences in growth rate 3, 4, 18, 19 and subsequent shadowing 17 or ͑ii͒ the variation of ion dam- age with crystal orientation leading to recrystallization-like grain boundary migration. The present results show that there is indeed a difference in growth rate between differently oriented grains ͓see Fig. 2͑c͔͒ , thereby supporting mechanism ͑i͒. At the same time, Figs. 2͑b͒-2͑d͒ clearly show pronounced differences in the amount of damage with grain orientation and grain boundary migration toward the more damaged grain, thereby supporting mechanism ͑ii͒. In order to distinguish between the two mechanisms, we performed a series of simulations to investigate the mechanisms separately.
SPUTTERING INDUCED THICKNESS VARIATION
In order to quantify the effect of crystal orientation on the sputtering yield ͑consistent with the bicrystal simulations presented above͒, we performed a series of IBAD simulations on ͓111͔ and ͓110͔ oriented single crystals. The ͓111͔ oriented crystal dimensions were 15 d 0 ϫ15.59 d 0 ϫ9.8 d 0 in the x ͓110͔, y ͓112͔, and z ͓111͔ directions, respectively. The ͓110͔ oriented crystal was 15 d 0 ϫ15.56 d 0 ϫ10 d 0 in the x ͓110͔, y ͓001͔, and z ͓110͔ directions, respectively. We employed the following parameters during these simulations: Tϭ0.4⑀/k B , E a ϭ1⑀/atom, and the atomic flux was oriented 45°from the z axis within the x-z plane.
We performed a series of simulations with different ion beam orientations relative to the growing film. We first examined the case of a normal incidence ion beam ͑as per our bicrystal simulations͒, corresponding to the easy channeling direction for the ͓110͔ crystal and a nonchanneling orientation for the ͓111͔ crystal. In these simulations, the ion-toatom arrival ratio was fixed at Rϭ1/5. The sputtering yield Y ͑the ratio of the number of sputtered atoms to the number of ions͒ versus ion energy E i is shown in Fig. 3 . The sputtering yield increases with increasing ion energy for both ͓111͔ and ͓110͔ oriented films. The ͓111͔ sputtering yield is greater than the ͓110͔ sputtering yield. The difference between the ͓111͔ and ͓110͔ sputtering yield increases with increasing ion energy. This is a clear indication that ͗111͘ oriented films should grow more slowly than ͗110͘ oriented films during FIG. 2. ͑a͒ The atomic structure of the bicrystal viewed along the y direction at Tϭ0.4⑀ /k B . The atomic size is reduced to show the inner structure of the crystal. The crystal on the left is oriented such that the ͓110͔ direction is normal to the free surface and the crystal on the right has a ͓111͔ surface normal. Because periodic boundary conditions are employed in the x and y directions, there are grain boundaries ͑parallel to the y-z plane͒ in the center of the figure and on the edges ͑left and right edges are equivalent͒. The kinetic energy of the deposition flux E a ϭ1⑀/atom and the atoms are deposited at an angle of ␣ϭ45°with respect to the nominal surface normal in the x-z plane. The ion beam is oriented normal to the bicrystal surface, such that it is aligned with the ͓110͔ channeling direction of the ͓110͔ oriented grain and no channeling directions of the ͓111͔ oriented grain. The ion-to-atom arrival ratio Rϭ1/2 and the energy of the ion beam E i ϭ800⑀/ion. ͑b͒ Structure of the bicrystal during IBAD at tϭ1229. ͑c͒ Structure of the bicrystal during IBAD at tϭ1471. ͑d͒ Structure of the bicrystal during IBAD at t ϭ2148.
FIG. 3.
Sputtering yield from ͓110͔ ͑open symbols͒ and ͓111͔ ͑filled symbols͒ oriented single crystals with a normal incidence ion beam and R ϭ1/5. The ion beam is parallel to the ͓110͔ channeling direction of the ͓110͔ crystals and is not parallel to any channeling directions of the ͓111͔ crystals. The error bars represent plus and minus one standard deviation of the data from three independent simulations. ion beam assisted deposition when the ion beam is oriented normal to the film surface. During polycrystalline film growth, this will lead to grain-to-grain variations in thickness ͑with ͗110͘ oriented grains thicker than ͗111͘ oriented grains͒.
We performed two additional sets of simulation to confirm the effects of relative crystal and ion beam orientation on sputtering yield. In the first case, we oriented the ion beam at 35.26°to the z axis within the y-z plane, which correspond to a ͗110͘ channeling direction in the ͓111͔ oriented film and a nonchanneling direction in the ͓110͔ oriented film. Figure 4 shows that with this ion beam orientation there is more sputtering from the ͓110͔ film as compared with the ͓111͔ film and that this difference increases with increasing energy. This result demonstrates that any crystal orientation can be favored by the ion beam, depending on the choice of ion beam orientation. Finally, Fig. 5 shows the ͓111͔ and ͓110͔ sputtering yield versus ion energy for the case of an ion beam oriented in nonchanneling directions for both ͓111͔ and ͓110͔ films ͑i.e., at 30°to the z axis in the x-z plane͒. In this case, there is essentially no difference in the sputtering yield for the two film orientations, as expected based upon our channeling argument for sputtering yield.
All of the data shown above was obtained for the case where the ion-to-atom arrival ratio Rϭ1/5. Figure 6 shows that variations in R do not significantly effect the sputtering yield. This removes one experimental variable from consideration. We also examined whether the number of experimental variables could be reduced even further by plotting the fraction of deposited atoms that are sputtered from the surface YR as a function of the composite parameter E i R, the total ion energy per deposited atom ͑Fig. 7͒, as is commonly done experimentally. This reduction in the number of variables appears valid for ͗111͘ oriented crystals, but not for ͗110͘ oriented crystals, with a normal incidence ion beam. The origin of this effect may be found in the shape of the Y vs E i plot ͑Fig. 6͒. Y is nearly a linear function of E i for ͗111͘ oriented films and Y is a substantially sublinear function of E i for ͗110͘. YR vs E i R will only be independent of R, if Y is a linear function of E i for all R. Therefore, plotting the data in terms of the reduced variable, total ion energy deposited per atom E i R, is in general, inappropriate. The origin of the difference in the E i vs R ͑and, hence, YR vs E i R͒ behavior of the ͗111͘ and ͗110͘ oriented ͑with normal incidence ions͒ is likely associated with the difference in the effects of ion beams in channeling and nonchanneling directions.
The sputtering yield difference between the grains aligned such that their channeling directions are parallel to the ion beam and those that are not aligned translates into thickness differences between the grains that increase during growth. Therefore, ͗111͘ oriented grains will be less thick than ͗110͘ grains when the ion beam is oriented normal to the nominal surface. This is consistent with our bicrystal observations ͓see Fig. 2͑c͔͒ . When the thicknesses of neighboring grains differ, shadowing effects become important. While this is true when the deposition flux is normal to the nominal surface, 17 it becomes very pronounced for oblique deposition ͑as in Fig. 2͒ and when the deposition flux has a wide angular spread. 16 Shadowing effectively decreases the deposition atom flux to the less thick grains, thereby increasing the difference in growth rate between the thick ͑ion beam aligned to channeling direction͒ and thin ͑nonaligned͒ grains. This effect feeds back on itself since shadowing increases growth rate difference which, in turn, leads to more shadowing. This process will eventually lead to the aligned grains overgrowing the nonaligned ones. For ion beams that are normal to the nominal surface, this leads to ͗110͘ grains dominating the texture at the expense of ͗111͘ grains. This is consistent with the argument put forward by Ying et al. 17 based on two dimensional MD simulations with an energetic deposition flux ͑rather than with energetic ions, as in the present case͒.
RECRYSTALLIZATION
The lattice images in the bicrystal simulations ͑Fig. 2͒ show that the ͗111͘ oriented crystals were much more damaged by the ion beam than were the ͗110͘ oriented crystals. To quantify this observation, we performed a series of simulations in which we subjected ͓111͔ and ͓110͔ single crystals to an ion beam and then characterized the resulting damage. The dimensions of the crystals are the same as those used in studying sputtering yield, above. In these simulations, we equilibrated the crystals at Tϭ0.4⑀/k B , bombarded them with 20, normal incidence, ions ͑with no deposition flux͒ and then recorded the temporal evolution of the structure. Each ion initially had a kinetic energy of 1000⑀. Figure 8 shows the atomic structure of the ͓110͔ and ͓111͔ oriented crystals at tϭ1 after the ion impact. Clearly the ͓111͔ oriented crystal is damaged much more than the ͓110͔ oriented one. To quantify the degree of disorder wrought by the ions, we measured the radial distribution function G(r) within 5.1d 0 of the surfaces ͑where the damage is the greatest͒. We employed the following definition of the radial distribution function:
where 0 is the average density and (r) is calculated by successively fixing the origin on each atom within the system and calculating the density of atoms at a distance r from this origin. Figure 9 shows G(r) for the ͓110͔ and ͓111͔ oriented crystals corresponding to the structures shown in Fig. 8 . The magnitudes of the peaks and valleys of G(r) for the ͓110͔ oriented crystal are much greater than those for the ͓111͔ crystal. This indicates that the atoms in the ͓111͔ crystal are displaced from their equilibrium positions much more than those in the ͓110͔ crystal. The damage created by the ions evolves with time, as shown in Fig. 10 , where we plot the height of the first peak in G(r), P 1 (t), versus time ͑normal-ized by the peak height of the perfect crystal at Tϭ0.4⑀/k B ͒.
The peak height drops rapidly at very early times, while the kinetic energy of the ions are converted into heat and damage, and then slowly recovers over a much larger time scale. While most of the damage heals relatively quickly, some residual damage or defects remain at long times. The magnitude of the initial damage is greater for the ͓111͔ grains than for the ͓110͔ grains. At long times, the damage that remains within the ͓111͔ crystals is larger than that in the ͓110͔ crystals. Given sufficient time, all of the damage should eventually anneal out. This time is much longer than is accessible by the present, very short MD simulations and, hence, a difference in defect density persists to the end of the simulations. In IBAD experiments, the time scales are also not large enough to anneal out all of the ion beam induced damage during the deposition. Therefore, the ͗111͘ crystals will exhibit a larger steady state defect density than will the ͗110͘ crystals. In addition to determining the radial distribution functions, we also measured the ion beam induced damage in terms of changes in the energy of the crystal. We prepared and ion bombarded the ͓110͔ and ͓111͔ crystals in the same manner as described in the preceding paragraph and measured the average energy per atom in the 5.1d 0 layer adjacent to the surface as a function of time. Since we are interested in the energy of the defected crystals and not the thermal energy, we quenched the samples to Tϭ0 K prior to each energy measurement. The resultant energy per atom E a is plotted in Fig. 11 as a function of time following the ion bombardment. Prior to the ion bombardment, the energy of this layer is Ϫ6.371⑀ for the ͓110͔ crystal and the Ϫ6.423⑀ for the ͓111͔ crystal ͑the difference is due to the variation of surface energy with orientation͒. These data show that the energies of the crystals rapidly increase with time following the ion impact and then slowly decays to an energy which is higher than the initial crystal energy. This general form is consistent with that observed for the radial distribution peak heights ͑see Fig. 10͒ . Figure 11 demonstrates that the ion beam inflicts significantly more damage on the ͓111͔ crystal ͑the channeling directions of which are not aligned with the ion beam͒ than on the ͓110͔ crystal, where the damage is minimal ͑aligned with respect to the ion beam͒. The total amount of damage to the ͓110͔ crystal is minimal, thereby indicating that the initial large drop in P 1 (t) for the ͓110͔ crystal is associated with large amplitude atomic vibrations and not significant defect generation. The differences between the energies of the ͓110͔ and ͓111͔ crystals persist to the longest times accessed in the simulations. As discussed with respect to the radial distribution function, these energy differences are expected to lead to steady state energy differences between the grains with channeling directions aligned with the ion beam and those which are not in constant ion beam IBAD experiments.
The significance of a difference in stored energies in crystals of different orientation is associated with the role it plays as a driving force for recrystallization. In primary recrystallization, grain boundaries act as sink for defects: absorbing defects in front of them as they move and leaving relatively perfect material in their wake. In classical theories of grain boundary migration, the grain boundary velocity is proportional to the difference in energy density between the two sides of the boundary ͑i.e., the driving force͒ and the boundary mobility ͑that varies with grain boundary crystallography and material͒. The difference in energy between adjacent grains in ion beam assisted deposition ͑as described above͒ may drive the grain boundary towards the more defected ͑higher energy͒ grain. In order to determine whether this process actually occurs during IBAD of polycrystalline films, we performed simulations in which we damaged one end of a ͓111͔ oriented crystal with an ion beam, rotated the crystal and put its damaged surface in contact with an undamaged ͓110͔ oriented crystal ͑thereby creating a grain boundary͒, and monitored the position of the grain boundary as a function of time. The resultant structures are shown in The grain boundary clearly migrates into the damaged region of the ͓111͔ crystal and, hence, the ͓110͔ grain grows at the expense of the ͓111͔ grain. At the same time, the other grain boundary where the undamaged end of the ͓111͔ crystal meets the undamaged ͓110͔ crystal remains at very near its original position ͑the right edge of the periodic bicrystal in Fig. 12͒ . This is a graphic demonstration of ion beam induced recrystallization. These results suggest that the pinching off of the ͓111͔ grain by the surrounding ͓110͔ grains by grain boundary migration in the bicrystal IBAD simulations shown in Fig. 2 is a result of ion beam induced recrystallization.
CONCLUSIONS
We performed molecular dynamics simulations of ion beam assisted deposition to determine the mechanisms of crystallographic texture selection during the IBAD of polycrystalline films. In these simulations, a face centered cubic bicrystal consisting of ͗111͘ and ͗110͘ oriented grains was grown while an ion beam impacted the growing film at normal incidence. As the film grew, the grain boundaries delimiting the ͗111͘ grain moved towards each other, eventually entirely pinching off the ͗111͘ grain. During growth, the film texture changed from equal densities of ͗111͘ and ͗110͘ to purely ͗110͘. Examination of single crystals grown in the presence of an ion beam showed two important effects: both ͑1͒ ion beam induced atomic sputtering from the surface and ͑2͒ ion beam induced damage are significantly reduced when the ion beam is oriented along channeling directions of the crystals. The first observation suggests that grains with channeling directions aligned parallel to the ion beam grow more quickly than those where they are not aligned. This leads to grain-to-grain variations in the film thickness that increase in magnitude during growth. Variations in thickness result in a shadowing effect that further slows the growth of the less thick ͑nonaligned͒ grains-eventually leading to pinch-off of the less thick grains. The second observation suggests that the energies of the grains with channeling directions aligned parallel to the ion beam will be lower than that of the nonaligned grains. This difference in stored energy ͑in the form of crystal defects͒ was shown to lead to grain boundary migration-a process equivalent to primary recrystallization. Both of these effects can lead to changes in crystallographic texture during film growth and both were observed in the bicrystal simulations. It remains unclear as to which effect will be dominant. Finally, we note that these ion beam induced texture changes will compete with other mechanisms that control texture evolution in the absence of an ion beam; namely, surface energy anisotropy induced grain boundary migration ͑so called, secondary grain growth͒ 36 and preferential nucleation. FIG. 12 . Atomic structure of the bicrystal formed by joining the ion beam damaged end of a ͓111͔ crystal with an undamaged ͓110͔ crystal at ͑a͒ t ϭ0.2 and ͑b͒ tϭ10. The solid line indicates the position of the central grain boundary ͑another exists at the edge of the bicrystal due to the use of periodic boundary conditions in the x direction͒. The grain boundary clearly migrates into the damaged ͓111͔ grain.
